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Abstract
Analysis of magnetic relaxation measurements on a 100% and 50% ex-situ Ti-sheathed MgB2 wire in terms of 
activation energy distribution are presented. It is shown, that in spite of strong restrictions of the method, credible 
results can be obtained, which give more information concerning the pinning behavior, than only investigation of 
critical current density can perform. 
© 2011 Published by Elsevier Ltd. Selection and/or peer-review under responsibility of Horst Rogalla and 
Peter Kes.
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1. Introduction
Whereas time dependence of magnetic moment, caused by flux creep, is more or less an academic 
problem for classical superconductors, because of the very strong pinning in these materials, in high Tc
superconductors, without special treatment, the pinning is weak, leading to strong time dependence. For 
MgB2 the situation is not as clear as pinning in this material is better than in the high Tc’s but not as 
strong as for classical superconductors. In case of classical superconductors time dependence is very 
small and can be interpreted in terms of Anderson’s flux creep theory [1], which gives the simplest 
possible model of thermal activation, leading to a logarithmic time dependence of magnetization M(t,T) = 
M0(T)[1-kTln(1+WĲ)/U(T)], with Ĳ the intrinsic relaxation time and U(T) the mean effective activation 
energy. Because of its simplicity Anderson’s theory has some shortcomings. First, a choice has to be 
made concerning the relaxation time Ĳ, which is not too critical, as it enters only logarithmically into the 
determination of the mean effective activation energy. Second, a linear energy – current relation U(J) is 
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assumed, which demands an unrealistic V-notch shaped pinning potential. Physically more realistic 
potentials always give bended U(J) curves. As long as pinning is strong this causes only small errors, but 
for weak pinning large discrepancy between true and calculated mean activation energy can appear.
Nevertheless, although absolute values of the energies might be wrong, such simple analysis has led to
valuable results concerning pinning for high Tc materials [2]. Maley et al. [3] have shown, how, under 
some assumptions, the U(J)-relation can be directly determined from the relaxation measurements by U =
-kT(ln|dM/dt|-C), where C = ln[+;Ȟ0ʌd)]. H is the applied field, X the hopping distance, Ȟ0 the attempt 
frequency for flux hopping and d a characteristic dimension. Plotting the thus obtained U(t) curves for all 
temperatures against current density, which can be obtained from the irreversible magnetization after 
Bean [4], should give a smooth curve for a proper choice of C. In this analysis it is assumed that C is a 
constant, what is surely not the case, as both X and Ȟ0 are temperature dependent. This is taken into 
account by introducing a temperature function, which according to suggestions by Tinkham [5] and 
McHenry et al. [6] is mostly choosen to be g(T) = [1-(T/T0)
2] with T0 either Tc [5] or Tirr [6]. Although the 
Maley method is first choice for an in-depth analysis of relaxation data - good results could be obtained in 
case of high Tc materials, even in case of complex pinning behavior [e.g. 7, 8] - in case of MgB2 the 
results are not thus convincing. Therefore, it is useful to complement such analysis by others, like those 
based on the Anderson theory [1]. In this paper we discuss the possibility to analyze relaxation data of 
MgB2 wires in terms of activation energy distribution as introduced by Hagen et al. [9]. 
2. Experimental
Two monocore MgB2 wires were prepared: one by pure ex-situ (100% ex-situ) and one from a 1:1 
mixture of ex- and in-situ (50% ex-situ) powder-in-tube technique. For both samples 10 wt% SiC was 
added. The wires were prepared by filling Ti tubes of 5.8 mm outer and 4.1 mm inner diameter with the 
powder mixture. The tubes were then deformed by rotary swaging to 3.5 mm and than by two axial 
rolling into wires with rectangular cross section 2 × 2 mm2, inserted into Cu tubes of 3 mm and then 
further rolled down to a cross section of 1.2 × 1.2 mm2. The deformed samples were heat treated at 700 to 
850°C for 30 min under argon. More details are given in [10]. Magnetic relaxation measurements were 
performed by a Quantum Design 9T-PPMS vibrating sample magnetometer. After zero-field cooling from 
temperatures above the transition temperature to the measuring temperature, hysteresis loops were 
recorded with field sweep 63 Oe/s. At 1, 3 and 5 T field sweep was stopped and the change of 
magnetization with time was observed for up to 30 min both in increasing and decreasing field. 
3. Analysis
Within Anderson’s flux creep theory [1] the mean effective activation energy can be determined by 
where S is the normalized creep rate
with M the irreversible part of the magnetization and tb the starting time of the relaxation, which can be 
chosen freely. The characteristic relaxation time Ĳ is usually taken to be between 10-6 and 10-12 s. Hagen et 
al. [9] have extended this theory to determination of activation energy distributions
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The distribution is given by
with 
and Mo the magnetization at t = 0 and T = 0. In this model the relaxation time can be calculated from 
the condition 
The functions a(T) and b(T) are given by 
The irreversible part of the magnetization was calculated as the difference of the measured total and the 
reversible magnetization, which was determined as the middle of the hysteresis loop. This is only possible 
if pinning is pure volume pinning, where relaxation in increasing and decreasing field is symmetric. The 
validity of this assumption can be checked by comparison of the mean effective activation energy taken 
from relaxation measurements in increasing and decreasing field. If there is no difference, volume pinning 
is dominant. The integers n and m are determined by equation (6), which according to the left side should 
give a temperature independent value. This gives a range for Ĳ, which can further be confined by the fact 
that the area under the distribution function should be 1 according to equation (3). 
Fig. 1. Relative change of magnetization for 50% ex-situ sample. Fig.2. Determination of m and n according to equation (6) for 50% ex-situ
sample measured at 1 T.
     »¼
º
«
¬
ª
¸¸¹
·
¨¨©
§
»
¼
º
«
¬
ª
¸¸¹
·
¨¨©
§
 
Tb
T
dT
d
T
Tb
td
dM
kTM
Ta
dT
d
TtUm b
)(
ln
)(,*
0
0
   
)(
ln,*
Tb
tkT
TtU bb
W 10
      .
ln
ln
ln
,)(
)(
,
)(
)(ln »
¼
º
«
¬
ª
¸
¹
·¨
©
§ »
¼
º
«
¬
ª
¸¸¹
·
¨¨©
§ ¸
¹
·¨
©
§
Td
Tbd
td
TtdM
Ta
Tb
TtM
dT
d
Ta
Tb
T
t bbb 1
W
 
 
 
  301
1
140
1
1 2
2
2
22
2
2
2
dd¸¸¹
·
¨¨©
§


¸
¸
¹
·
¨
¨
©
§
¸¸¹
·
¨¨©
§
 ¸¸¹
·
¨¨©
§
dd¸¸¹
·
¨¨©
§

 ¸¸¹
·
¨¨©
§
n
TT
TT
T
T
T
T
bm
TT
TT
T
T
a
n
c
c
cc
m
c
c
c
(4)
(5)
(6)
(7)
 M Reissner et al. /  Physics Procedia  36 ( 2012 )  1582 – 1587 1585
4. Results
Fig. 1 shows relaxation curves for the 50% ex-situ sample. After approximately 1 min the relaxation 
shows in first approximation logarithmic behavior. Deviations from logarithmic behavior increase with 
increasing temperature and field. Obtained transition temperatures were 38 K and 38.5 K for the 50% and 
100% ex-situ sample, respectively [10]. Mean effective activation energies determined according to 
equation (1) for an arbitrary chosen Ĳ = 10-8 s are shown in Figs. 3 and 4. As expected U decreases with 
increasing field for both samples. To get Ĳ values from the data m and n values had to be determined. 
Most reliable values are those for which analysis of equation (6) gives linear behavior over largest
temperature range. Example of such analysis is given in Fig. 2. The influence of different Ĳ values on the 
distribution function is shown in Figs. 5 and 6. For final choice of m and n two criteria have been taken 
into account: (i) Ĳ has to be physically reasonable and (ii) the area under the distribution function should 
be close to 1. Table 1 summarizes this procedure around the values chosen in this last analysis. For the 
100% ex-situ sample best results are obtained with m = n = 0. For the 50% ex-situ compound n is also 
zero, but m decreases with increasing field. 
Fig. 5. Influence of Ĳ on energy distribution function for  
optimal values m = 2, n = 0 at 3 T for 50% ex-situ sample.
Fig. 6. Influence of Ĳ on energy distribution function for optimal
values m = 0, n = 0 at 3 T for 100% ex-situ sample.
Fig. 3. Mean effective activation energy determined within 
Anderson’s flux creep theory for 50% ex-situ sample. 
Fig. 4. Mean effective activation energy determined within 
Anderson’s flux creep theory for 100% ex-situ sample.
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Table 1: Change of area and relaxation time for selected m, n pairs. Chosen pairs for further analysis are given in bold.
sample field 1 T 3 T 5 T
50% m, n 2, 0 3, 0 4, 0 1, 0 2, 0 3, 0 0, 1 0, 0 1, 0
Ĳ 10-25 10-20 10-14 10-14 10-14 10-12 10-18 10-15 10-13
area 0.904 0.961 0.947 0.828 0.926 0.914 1.173 1.107 1.021
100% M, n 0, 2 0, 0 1, 0 0, 0 1, 0 1, 0 0, 0
Ĳ 10-40 10-12 10-4 10-14 10-11 100 10-12
area 1,159 0,824 0,448 1,097 0,964 0,128 0,933
Finally, Figs. 7 and 8 gives the obtained energy distributions for both samples for the 3 investigated 
fields. Whereas for the 50% ex-situ compound the peak in the distribution function shifts to lower 
energies with increasing field, in case of the 100% ex-situ samples this peak is field independent. 
Generally, the obtained energies are much smaller for the 100% than for the 50% ex-situ wire. 
5. Discussion
The mixture of ex- and in-situ powder in preparation of MgB2 wires improves critical current density
drastically as it combines the benefits of both methods. In case of the Ti-sheathed wires – Ti was chosen, 
because it does not react with the core material - the 100% ex-situ sample shows low Jc values with very 
steep field dependence. Admixture of 30% in-situ powder increases Jc by an order of magnitude and leads 
to flatter field dependence. A concentration of 77 to 50% in-situ material gives even higher critical 
current densities then samples prepared by pure in-situ process [10]. Main reason for this large difference 
between pure ex-situ and mixed samples is the fact, that the used annealing temperatures had to be about 
100°C lower than usually used for the ex-situ process, because of the low melting point of Ti. Therefore 
the pure ex-situ sample has insufficient recrystallization and weak creation of effective grain connections. 
Much better connections are formed, if partly Mg-B powder mixture is added, but the core density is 
reduced, because MgB2 has higher density than the Mg-B powder mixture. It also was shown that an 
increase in sintering temperature from 700 to 850° further increases Jc. An analysis of the pinning force 
according to Dew-Hughes [11] points to grain boundary pinning as the dominant pinning mechanism. 
There are discussions in literature how important pinning is for the change in Jc [e.g. 12]. To see, if there 
are also characteristic differences between the pure and the mixed samples concerning pinning behavior 
like for Jc, the samples with 100% and 50% ex-situ preparation were chosen for the analysis of the 
relaxation data in terms of energy distribution functions. Analysis in terms of simple Anderson model 
gives mean effective activation energies, much higher than typically obtained for high Tc compounds [2]. 
Also the temperature dependence is strongly different, as it shows a rather flat maximum (Figs. 3 and 4),
in contrast to the high Tc samples, where U increases continuously up to temperatures close to the 
irreversibility line [13]. With increasing field U decreases strongly. Larger difference is present for the 
obtained energy distribution functions. In case of the 100% ex-situ sample the distribution is narrow (Fig. 
8). No shift of the maximum with field is visible. In contrast, the 50% ex-situ compound exhibits a strong 
shift of the maximum and much broader distributions (Fig. 7). Therefore, for the 50% ex-situ sample the 
number of pinning centers with high energy decrease and those with low energies increase with field, 
whereas for the pure ex-situ compound pinning centers are present which are only weak, but still stronger 
than in high Tc materials. About a possible high energy tail no statement can be made, because the quality 
of the relaxation curves at high temperatures is too poor. This may cause an underestimation of the area 
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the lower limit to be physically reasonable. The obtained n = 0 indicates that the temperature dependence 
of the activation energy given by the function b(T) decreases. This is indicated even in the more simple 
analysis after Anderson which gives decreasing mean effective activation energies in a large temperature 
range. Whereas for the 100% ex-situ compound m = 0 is obtained for all fields, m decreases from 4 to 0 
with increasing field for the 50% ex-situ sample. As the corresponding function a(T) is related to the
temperature dependence of the Lorentz force, it should reflect, in some way, the temperature dependence 
of the critical current density. Lower m values would than indicate less field dependence of Jc. The 
obtained m values would indicate a less strong field dependence of the 100% ex-situ compound, which 
does not reflect the findings of direct critical current density measurements [10]. Here the limits of the 
used analysis become visible.
In summary, an analysis of magnetic relaxation measurements on a 100% and a 50% ex-situ Ti-
sheathed MgB2 wire in terms of activation energy distribution is presented. Characteristic differences in 
the distributions functions are obtained, which fit well to the findings of investigation of critical current 
densities, but too accurate interpretation of the obtained parameters is critical. 
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Fig. 7. Field dependence of energy distributions obtained for 
50% ex-situ sample.
Fig. 8. Field dependence of energy distributions obtained for 
100% ex-situ sample.
